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We present a simple quantum theory of a bosonic trimer in a triangular configuration, subject to gain and
loss in an open quantum systems approach. Importantly, the coupling constants between each oscillator are
augmented by complex arguments, which give rise to various asymmetries. In particular, one may tune the
complex phases to induce chiral currents, including the special case of completely unidirectional (or one-way)
circulation when certain conditions are met regarding the coherent and incoherent couplings. When our general
theory is recast into a specific non-Hermitian Hamiltonian, we find interesting features in the trimer population
dynamics close to the exceptional points between phases of broken and unbrokenPT symmetry. Our theoretical
work provides perspectives for the experimental realization of chiral transport at the nanoscale in a variety
of accessible nanophotonic and nanoplasmonic systems, and paves the way for the potential actualization of
nonreciprocal devices.
INTRODUCTION
The typical custom of greeting friends and colleagues with
a same-handed handshake is possible because of the intrinsic
chirality of the human hand. Since left and right hands are
non-superimposable mirror images of one another, different-
handed handshakes are thankfully rare. Handedness (or chi-
rality) in condensed matter physics is linked to a multitude of
rather more interesting phenomena. Recent examples include
the chirality of electrons in graphene, which leads to extraor-
dinary transport properties1, the chiral edge states in photonic
crystals, which support a version of the quantum Hall effect2,
and the chiral anomaly associated with Weyl fermions, which
engenders topological Fermi arcs3.
When investigating chirality and its interplay with light at
the nanoscale, the toolbox of chiral quantum optics is of great
utility4,5. The field seeks to describe quantum optical systems
where the interactions are asymmetric, and in extreme cases
completely unidirectional (or one-way)6. The extra freedom
gained via the exploitation of chiral coupling can be employed
in a new generation of nanophotonic devices7–11, for example
in chiral waveguides12–14, which promise unprecedented con-
trol of the flow and transmission of excitations at the smallest
scales.
Recently, a groundbreaking experiment led by a team at
Google reported the realization of a synthetic magnetic field
in a trimer of superconducting qubits15. The required phases
associated with the qubit-qubit interactions arose by sinu-
soidally modulating the couplings, mimicking the effects of
the Peierls phases which appear due to the application of a real
magnetic field16,17. It was shown how chiral ground-state cur-
rents can be engineered, which has significant implications for
potential nonreciprocal nanophotonic devices, such as optical
isolators18–21 and circulators22–25. The trailblazing experiment
of Ref.15 directly inspired the theoretical work presented here.
In our quantum theory, we consider a triangle of harmonic
oscillators in an open quantum systems approach. The oscil-
lators are primarily coupled through coherent coupling, which
in general is described by a complex-valued parameter in or-
der to capture the effects of an accumulated phase in the trian-
gular loop. Dissipation and gain are introduced incoherently
via a quantum master equation26–28, from which we derive the
population dynamics and current in the system29.
As the first application of our theory, we consider the spe-
cific situation where our general model maps onto a PT sym-
metric system, with balanced loss and gain27,30–33. The intro-
duction of PT symmetric quantum mechanics into photonics
has led to insightful studies of exceptional points and sym-
metry breakdowns, which are typically associated with non-
trivial phenomena34–38. While prior studies of PT symmetric
trimers have primarily focused on non-Hermitian Hamiltonian
approaches39–47, here we upgrade the analysis to a full master
equation. We find the accumulated hopping phase in our sys-
tem crucially determines the existence of broken and unbro-
ken PT symmetric phases, and we reveal a universal ratio of
relative coherent-coupling-to-loss strength above which PT
symmetric phases are possible (for at least some subset of ac-
cumulated phase). Our analysis has important consequences
for population dynamics in looped systems, which can display
both convergent and divergent behaviors.
The second implementation of our theory relaxes the re-
straints required for the PT symmetric setup of the trimer.
We investigate in detail how modulating both the accumulated
phase and coherent coupling strengths effects the population
transfer in the triangle. In particular, we find instances of chi-
ral currents as soon as the accumulated phase is nonzero, and
we reveal especially strong features when the phase is equal
to pi/2.
The third and final application of our theory is related to
cascaded quantum systems, as independently pioneered by
Gardiner and Carmichael in the early 1990’s48,49. Cascaded
systems are those where the output field from one body drives
another body, strictly without any backaction. In order to
achieve this unidirectional coupling in our trimer of oscilla-
tors, we need to introduce another quantity: incoherent cou-
pling50,51. The careful balancing of both the relative strengths
and relative phases of the coherent and dissipative couplings
in the triangle allows us to map our quantum master equation
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FIG. 1. Panel (a): a sketch of the triangular arrangement of oscillators, where each oscillator is of resonance frequency ω0 and the n-th oscil-
lator is subject to gain Pn (yellow arrows) and loss γn (purple arrows). The magnitude of the three coherent (dissipative) coupling constants is
g (γ), which are augmented with complex arguments θnm (φnm), as is labelled near to the red arrows. Panel (b): the eigenfrequencies ωn of
the trimer system, as a function of the cumulative phase Θ, where g = ω0/100 [cf. Eq. (3)]. The gray dashed line is a guide for the eye at ω0.
onto the celebrated cascaded quantum system equations48,49.
Therefore, we unveil perfectly unidirectional circulation in the
trimer of oscillators.
Our theory complements a growing body of work on the
interplay of non-Hermitian systems and synthetic magnetic
fields, with recent works showing unidirectional transport in
long chains of resonators52–57. We would also like to mention
interesting studies of four coupled resonators58,59, a system
which has recently been ingeniously probed experimentally
using acoustic cavities60.
The synthetic gauge fields which are required to give rise
to phase-dependent hopping parameters may be realized in a
variety of ways. In their study of coupled cavity arrays, Umu-
calilar and Carusotto showed how non-trivial phase associated
with tunneling photons can be induced through the introduc-
tion of optically active materials61. The photonic analogue of
the Aharonov-Bohm effect was described in Refs.62–64, which
exploited the phase of modulation of a dynamically chang-
ing photonic system in order to generate effective gauge po-
tentials. Furthermore, the pioneering experiment of Tzuang
and co-workers used an on-chip Ramsey-type interferometer
to create an effective magnetic field for photons65. It was also
proposed theoretically that synthetic magnetic fields can be
realized in lattices of resonators without modulating coupling
rates, by exploiting transverse index gradients66. Phenomena
such as Bose-Einstein condensation67, Landau levels68 and
chiral magnetism69 have already been observed in synthetic
magnetic fields, highlighting the remarkable capabilities of
this active research field.
MODEL
Our minimal model of chiral currents at the nanoscale is
based upon a triangle of harmonic oscillators, as sketched in
Fig. 1 (a), which has applications across a plethora of circuit
QED, ultracold atom, nanophotonic and plasmonic platforms.
We utilize an open quantum systems approach to allow us to
conveniently describe loss and gain in the system. This frame-
work leads to the Hamiltonian dynamics described in what
follows, and a corresponding quantum master equation, which
is introduced afterwards. We then calculate the mean popula-
tion dynamics in the trimer, and the corresponding local and
global currents.
Hamiltonian
The Hamiltonian operator for the system reads (h̵ = 1
throughout)
Hˆ = ω0 (b†1b1 + b†2b2 + b†3b3)+ g(eiθ12b†1b2 + eiθ23b†2b3 + eiθ31b†3b1 + h.c.), (1)
where we have used cyclic boundary conditions, correspond-
ing to the triangle geometry sketched in Fig. 1 (a). The
bosonic creation (annihilation) operators of harmonic oscilla-
tor n are denoted by b†n (bn), and each oscillator is associated
with the resonance frequency ω0. The coherent coupling be-
tween oscillators n and m is of magnitude g ≥ 0 and complex
argument θnm.
Application of the Heisenberg equation of motion[βn, Hˆ] = ωnβ, with Eq. (1) and βn = Anb1 +Bnb2 + Cnb3,
where An,Bn,Cn are unknown constants, leads to the fol-
lowing matrix
H = ⎛⎜⎝
ω0 ge
−iθ12 geiθ31
geiθ12 ω0 ge
−iθ23
ge−iθ31 geiθ23 ω0
⎞⎟⎠ , (2)
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FIG. 2. Panel (a): a sketch of the PT symmetric trimer, where each oscillator is of resonance frequency ω0. The 2nd oscillator is subject
to loss κ (purple arrow) and the 3rd oscillator to gain κ (yellow arrow). The magnitude of the three coherent coupling constants is g, and the
hopping between oscillator 2 and 3 is augmented with the complex argument ϑ. Panel (b): the real parts of the eigenfrequencies ω′′n of the
trimer, measured from ω0, as a function of g, in units of κ [cf. Eq. (21)]. We consider three increasingly large phases ϑ = {0, pi/4, pi/2},
which are denoted by increasingly thin lines. Panel (c): the corresponding imaginary parts of the eigenfrequencies ω′′n. Vertical dashed lines:
exceptional points marking broken-unbroken PT symmetry phases.
whose eigenvalues are the three eigenfrequencies ωn of the
system
ω1 = ω0 + 2g cos(Θ + 2pi
3
) , (3a)
ω2 = ω0 + 2g cos(Θ + 4pi
3
) , (3b)
ω3 = ω0 + 2g cos(Θ
3
) , (3c)
which lie within the range ω0 − 2g ≤ ωn ≤ ω + 2g. In Eq. (3),
we have introduced the quantity
Θ = θ12 + θ23 + θ31, (4)
which describes the accumulated phase in the triangular
closed loop of Fig. 1 (a). We plot in Fig. 1 (b) the eigen-
frequencies ωn of Eq. (3), as a function of the cumulative
phase Θ [cf. Eq. (4)]. Most noticeably, Θ crucially determines
the magnitude, ordering, and degeneracy of the eigenfrequen-
cies. Notably, the trimer is the simplest system to exhibit such
phase-dependent behavior. In the analogous dimer system,
with Hamiltonian Hdi = ω0(b†1b1+b†2b2)+g(eiθ12b†1b2+h.c.),
the resultant eigenfrequencies ω± are independent of the com-
plex argument θ12, and simply read ω± = ω0 ± g. Hence the
trimer is the perfect testbed to investigate phase-dependent
phenomena.
Master equation
The quantum master equation of the trimer system reads
∂tρ = i[ρ, Hˆ] + ∑
n=1,2,3
Pn
2
L†nρ
+ ∑
n=1,2,3
γn
2
Lnρ + ∑
n,m=1,2,3
n≠m
γ
2
eiφnmLnmρ, (5)
where we have used the following super-operators in Lindblad
form29
Lnρ = 2bnρb†n − b†nbnρ − ρb†nbn, (6a)L†nρ = 2b†nρbn − bnb†nρ − ρbnb†n, (6b)Lnmρ = 2bmρb†n − b†nbmρ − ρb†nbm. (6c)
In Eq. (5), the first term on the right-hand-side is responsible
for the unitary evolution, where the Hamiltonian operator Hˆ
is given by Eq. (1). The second term describes incoherent gain
processes, where Pn ≥ 0 is the pumping rate into the n-th os-
cillator. The third term accounts for losses into the heat bath,
where γn ≥ 0 is the damping decay rate of each individual
oscillator. The fourth and final term describes the collective
process of dissipative coupling, where the magnitude of the
dissipative coupling is γ ≥ 0. Each dissipative coupling con-
stant is associated with a complex argument {φ12, φ23, φ31},
in exactly the same manner as for the coherent coupling con-
stants g exp(iθnm) appearing in Eq. (1). Due to the neces-
sity for Hermicity, the identities φ21 = −φ12, φ32 = −φ23 and
φ13 = −φ31 are implied in the final term of Eq. (5). The phase
factors φnm associated with the incoherent couplings are ana-
logues of the Rabi phases θnm accompanying the coherent
couplings. Indeed, a gauge transformation can move these
phase factors into the coherent coupling part of the Hamil-
tonian, so that it is actually the phase difference θnm − φnm
which is important [as we shall see later on in Eq. (23)]. The
interplay between coherent and incoherent couplings has re-
cently been shown to be influential for cavity-cavity interac-
tions in photonic devices70, and for emitter-emitter interac-
tions between circularly polarized quantum emitters71.
Taken together, Eq. (1) and Eq. (5) complete the general
formalism of our theory. As we shall see, our model includes
various special cases of interest, including for PT symmetric
quantum mechanics30,72 when the gain and loss is balanced,
and for cascaded quantum systems48,49 under certain condi-
tions of the dissipative coupling.
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FIG. 3. Left-hand side panels: the real parts of the eigenfrequencies ω′′n [cf. Eq. (21)], measured from ω0, as a function of the phase ϑ in thePT symmetric setup of the trimer [cf. Fig. 2 (a)]. We consider increasing coherent coupling strength g, in units of the gain and loss parameter
κ, descending the column of panels. Right-hand side panels: the corresponding imaginary parts of the eigenfrequencies ω′′n. Vertical gray
dashed lines: exceptional points marking broken-unbroken PT symmetry phases.
Mean populations
The master equation of Eq. (5), and the property ⟨O⟩ =
Tr (Oρ) for any operator O, leads to the following equation
of motion for the mean values of the populations
d
dt
u = P −Mu, (7)
for the 9-vector of correlators u, where
u = ⎛⎜⎝
u1
u2
u†2
⎞⎟⎠ , u1 =
⎛⎜⎝
⟨b†1b1⟩⟨b†2b2⟩⟨b†3b3⟩
⎞⎟⎠ , u2 =
⎛⎜⎝
⟨b†1b2⟩⟨b†2b3⟩⟨b†3b1⟩
⎞⎟⎠ . (8)
The drive term P, and the matrix of second moments M, read
P = ⎛⎜⎜⎜⎝
P1
P2
P3
06
⎞⎟⎟⎟⎠ , M =
⎛⎜⎝
M11 M12 M
∗
12
M21 M22 M23
M∗21 M∗23 M22
⎞⎟⎠ , (9)
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FIG. 4. Mean population nm = ⟨b†mbm⟩ of the m-th oscillator as a function of time t, in units of the inverse of the gain and loss parameter
κ−1, in the PT symmetric setup of the trimer [cf. Fig. 2 (a)]. We consider increasingly large phases ϑ across each row of panels, from 0 to
pi/4 to pi/2. The initial condition at t = 0 is n1 = 1. Upper panels: the coherent coupling strength g = κ. Lower panels: g = 2κ.
where 0n is the zero matrix (of a single column and n-rows).
In Eq. (9), the off-diagonal sub-matrices of M are defined by
M12 = ⎛⎜⎝
g˜12 0 f˜31
f˜12 g˜23 0
0 f˜23 f˜31
⎞⎟⎠ , (10a)
M21 = ⎛⎜⎝
f˜∗12 g˜∗12 0
0 f˜∗23 g˜∗23
g˜∗31 0 f˜∗31
⎞⎟⎠ , (10b)
M23 = ⎛⎜⎝
0 f˜31 g˜23
g˜31 0 f˜12
f˜23 g˜12 0
⎞⎟⎠ , (10c)
where we have introduced the generalized coupling constants
g˜nm = igeiθnm + γ
2
eiφnm , (11)
f˜nm = −igeiθnm + γ
2
eiφnm , (12)
which take into account both coherent g exp(iθnm) and dissi-
pative γ exp(iφnm) couplings in the trimer. Finally, the on-
diagonal sub-matrices comprising M are given by
M11 = diag (Γ1,Γ2,Γ3) , (13a)
M22 = diag (Γ1+Γ22 , Γ2+Γ32 , Γ3+Γ12 ) . (13b)
Here the renormalized damping decay rate Γn of the n-th os-
cillator, due to the incoherent pumping Pn, is
Γn = γn − Pn. (14)
The formal solution of Eq. (7) leads to the mean populations
nm = ⟨b†mbm⟩ for the m-th oscillator in the trimer, which is in
general composed of both transient and steady state parts.
Current
Here we derive an expression for the current flowing around
the three site loop, as depicted in Fig. 1 (a). The continuity
equation at each site n in the trimer reads
∂t (b†nbn) = i[b†nbn, Hˆ] = Inn+1 − In−1n, (15)
where the Hamiltonian operator Hˆ is given by Eq. (1). In
Eq. (15), we have introduced the local current operator Inn+1
which accounts for the transfer of excitations between two ad-
jacent sites n and n+1 (we assume modular arithmetic for the
site numbers),
Inn+1 = ig (eiθnn+1b†nbn+1 − e−iθnn+1b†n+1bn) . (16)
Similarly, the global current operator can be defined as
I = I12 + I23 + I31. (17)
Notably, the current definition of Eq. (15) does not explicitly
depend on the loss and gain in the system, instead these fea-
tures enter the consideration indirectly through the operators
b†nbm. We denote the mean versions of the quantities given by
Eq. (16) and Eq. (17) as
J = ⟨I⟩, Jnn+1 = ⟨Inn+1⟩, (18)
which may be explicitly calculated using the mean values of
the operators ⟨b†nbm⟩, as found previously.
PT SYMMETRIC TRIMER
As a first application of the general theory, we consider aPT symmetric setup of the trimer. To do so, we first simplify
60 2 4 6 8 10
−1
−0.5
0
0.5
1
κt
J
n
m
/κ
12 23 31
−1
−0.5
0
0.5
1
J
n
m
/κ
12 23 31
−2
−1
0
1
2
J
n
m
/κ
12 23 31
−0.6
−0.3
0
0.3
0.6
J
/
κ
ϑ = 0
ϑ = pi/4
ϑ = pi/2
0 2 4 6 8 10
−2
−1
0
1
2
κt
−2
−1
0
1
2
−4
−2
0
2
4
−0.6
−0.3
0
0.3
0.6
(a)
(c)
(e)
(g)
(b)
(d)
(f)
(h)
g = κ g = 2κ
ϑ = 0
ϑ = pi/4
ϑ = pi/2
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our notation from Eq. (1) and consider the relabeled Hamilto-
nian
Hˆ ′ = ω0 (b†1b1 + b†2b2 + b†3b3)+ g(b†1b2 + eiϑb†2b3 + b†3b1 + h.c.), (19)
where we have allowed for a complex argument ϑ, associated
with the hopping between the oscillators 2 and 3. As sketched
in Fig. 2 (a), the 2nd oscillator is subject to loss via the pa-
rameter κ (purple arrow) and the 3rd oscillator to gain at the
same rate κ (yellow arrow). Such a scenario can be described
by the Hamiltonian73
Hˆ ′′ = Hˆ ′ − iκ
2
b†2b2 + iκ2 b†3b3, (20)
in terms of Hˆ ′ from Eq. (19).
The Hamiltonian Hˆ ′′ is non-Hermitian (Hˆ ′′ ≠ Hˆ ′′†) but
it can nevertheless have wholly real eigenvalues, as was first
realized by Bender and co-workers72, since Hermicity is not
a necessary condition for a physical quantum theory30. Im-
portantly, the Hamiltonian of Eq. (20) is PT symmetric[PT, Hˆ ′′] = 0, where P and T are parity inversion and time
reversal symmetry operators74. Therefore, in its unbroken
7P1 γ0
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FIG. 6. A sketch of the trimer in a chiral configuration, where each
harmonic oscillator is of resonance frequency ω0. All oscillators are
subject to loss γ0 (purple arrows) and the 1st oscillator has gain P1
(yellow arrow). The magnitude of the three coherent coupling con-
stants is g, which are augmented with complex arguments θnm, as
labelled near to the red arrows.
phase, Eq. (20) will produce real eigenvalues, while its bro-
ken phase is associated with complex eigenvalues. Explicitly,
the three complex eigenfrequencies ω′′i of Hˆ ′′ read
ω′′1 = ω0 + 2√g2 − 13 (κ2 )2 cos(α + 2pi3 ) , (21a)
ω′′2 = ω0 + 2√g2 − 13 (κ2 )2 cos(α + 4pi3 ) , (21b)
ω′′3 = ω0 + 2√g2 − 13 (κ2 )2 cos(α3 ) , (21c)
where we have introduced the angle
cos (α) = cos (ϑ)[1 − 1
3
( κ
2g
)2]3/2 . (22)
Clearly, in the Hermitian limit of H ′′ (when κ → 0) the
eigenfrequencies of Eq. (21) recover those of Eq. (3), af-
ter the relabeling of the phase ϑ → Θ. In the simple case
where ϑ = pi/2, Eq. (21) reduces to the three eigenfrequen-
cies ω0 ± √3g2 − (κ/2)2 and ω0. Most notably, these ex-
pressions reveal completely real eigenvalues when the coher-
ent coupling strength g > κ/(2√3), and otherwise a bro-
ken phase when g < κ/(2√3), with an exceptional point at
g = κ/(2√3) ≃ 0.289κ.
We plot the real and imaginary parts of the three eigen-
frequencies ω′′n from Eq. (21) in Fig. 2 panels (b) and (c)
respectively, as a function of the coherent coupling strength
g. We select three increasingly large phases of interest ϑ ={0, pi/4, pi/2}, which are denoted by increasingly thin lines.
The broken-unbroken phase transitions at exceptional points
are shown by the vertical dashed lines, including the afore-
mentioned simple case when ϑ = pi/2 (thin cyan lines). A sim-
ilar behavior is displayed when ϑ = pi/4 (medium pink lines),
where the critical coupling strength is increased to g ≃ 0.636κ.
However, when ϑ = 0 (thick green lines) the system is always
in a broken PT phase, as is apparent from panel (c). Hence,
both the interplay between the ratio of the system parame-
ters g/κ and the phase ϑ crucially determine the nature of thePT symmetry (either broken or unbroken) associated with the
non-Hermitian Hamiltonian H ′′, as given by Eq. (20).
We examine the PT phase transitions in more detail in
Fig. 3. The left-hand side panels show the real parts of the
eigenfrequencies ω′′n as a function of the phase ϑ, while the
right-hand side panels display the corresponding imaginary
parts of the eigenfrequencies [cf. Eq. (21)]. The first row of
panels (a, b) shows the situation with weak coupling g = κ/4,
where two eigenfrequencies ω′′n are complex for all values of
ϑ (green and yellow lines). This broken PT phase contin-
ues with increasing coherent coupling strength, until the crit-
ical point g = κ/(2√3) [in the second row of panels (c, d)].
Here 1/(2√3) ≃ 0.289 is a universal constant describing the
threshold above which unbroken PT phases may first arise,
for at least some values of ϑ. The third row of panels (e,
f), where g = κ, demonstrates that above this critical condi-
tion phases of broken and unbroken PT symmetry are both
possible, as marked by the vertical dashed lines at the excep-
tional points. With further increased coupling strength, like
when g = 2κ in the bottom row of panels (g, h), the regions
of broken PT symmetry are increasingly diminished, and be-
come increasingly concentrated around the reciprocal phases
of ϑ = {0, pi,2pi}. This analysis highlights the rich physics
exhibited by the trimer PT Hamiltonian of Eq. (20), and the
crucial importance of the phase ϑ. Notably, for a simple dimerPT model the critical coupling strength is fixed at g = κ/2,
independent of any accumulated phase35,36.
Armed with the knowledge of the regions of real and com-
plex eigenfrequencies ω′′n, we investigate the population dy-
namics in the PT symmetric setup of the trimer. We use
the transient solutions of Eq. (7), arising from the theoretical
framework developed previously. The results are presented in
Fig. 4, where we show the mean population nm = ⟨b†mbm⟩
of the m-th harmonic oscillator as a function of time t, in
units of the inverse gain and loss parameter κ−1. In the upper
(lower) panels, the coherent coupling strength g = κ (g = 2κ).
We consider increasingly large phases ϑ across each row of
panels, from 0 to pi/4 to pi/2. In the first column of Fig. 4,
in panels (a) and (d) where ϑ = 0, we are in a broken PT
phase and as such the dynamics is unstable and divergent [cf.
Fig. 3 (e, f) and (g, h) respectively]. Upon increasing the phase
to ϑ = pi/4, as shown in the middle columns of panels (b,
e), we enter an unbroken PT phase, associated with stable
population dynamics. Here the directional circulation in the
trimer is most apparent, with the larger coherent coupling in
the panel (e) causing even higher mean populations. The final
column of panels (c, f), where ϑ = pi/2, displays highly direc-
tional circulation in a simple structural form: from oscillator
1 (green lines) to oscillator 2 (orange lines) to 3 (cyan lines)
in a clockwise manner [cf. Fig. 2 (a)].
We plot the global current J in the PT symmetric trimer
in the top row of Fig. 5, using Eq. (18), which complements
the physics presented in Fig. 4. We consider increasingly
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FIG. 7. Mean population nm = ⟨b†mbm⟩ of the m-th harmonic oscillator as a function of time t, in units of the inverse of the loss parameter
γ−10 , in the chiral configuration of the trimer [cf. Fig. 6]. We consider increasingly large cumulative phases Θ across each row of panels, from
0 to pi/4 to pi/2. The initial condition at t = 0 is n1 = 1. Upper panels: the coherent coupling strength g = γ0/2. Middle panels: g = γ0. Lower
panels: g = 2γ0. In the figure, the gain into oscillator 1 is P1 = γ0/100 and P2 = P3 = 0.
large cumulative phases Θ in Fig. 5 with increasingly thin col-
ored lines, from 0 to pi/4 to pi/2. The lower rows display the
constituent local currents J12, J23, and J31, which are repre-
sented by solid, dashed and dotted lines respectively. In the
left-hand-side column the coherent coupling strength g = κ,
and in the right-hand-side column g = 2κ. The top row of
Fig. 5 highlights the broken PT phase when ϑ = 0 (thick
green lines), leading to divergent global currents J in both
panels (a) and (b). The cases in the unbroken PT phase with
ϑ = pi/4 and pi/2 (pink and cyan lines respectively) show regu-
lar behavior. The consistent global current amplitude minima
and maxima in panels (a) and (b) arise due to the balanced
loss and gain in the system. These global currents J are not
sign changing, as follows from the behavior of the local cur-
rents Jnm through the sites n and m, which are displayed in
the lower panels for the three phases of interest.
CHIRAL CURRENTS
As a second application of the general theory, we consider a
chiral configuration of the trimer, beyond the rather restrictivePT setup of the previous section. As sketched in Fig. 6, we
feed the system via the gain P1 into the first oscillator (yel-
low arrow), and allow for equal losses γ0 across all oscillators
(purple arrows). Here we neglect dissipative coupling, and
focus on the effects of purely coherent coupling, which is of
strength g and leads to an accumulated phase Θ in the trian-
gular closed loop [cf. Eq. (4)]. We calculate the mean popula-
tions and current in this configuration, using both the transient
and steady state solutions of Eq. (7).
In Fig. 7, we plot the mean population nm = ⟨b†mbm⟩ of
the m-th oscillator as a function of time t, where the gain into
oscillator 1 is P1 = γ0/100. We show increasingly large cu-
mulative phases Θ across each row of panels, from 0 to pi/4 to
pi/2. Descending the columns allows one to see the effects of
increased coherent coupling strengths g. We show results for
g = γ0/2 (top panels), g = γ0 (middle) and g = 2γ0 (bottom).
In the first column of panels (a, d, g) in Fig. 7, where Θ = 0,
there is completely reciprocal dynamics, and the populations
of the second (orange lines) and third (cyan lines) oscillators
are identical. With nonzero accumulated phase Θ = pi/4 in
the second column of panels (b, e, h), a population imbalance
is induced, as follows from the asymmetry in the population
dynamics of the second and third oscillators (orange and cyan
lines), and a few oscillation cycles are noticeable in panel (h).
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FIG. 8. Top row: Global current J as a function of time t [cf. Eq. (18)], in units of the inverse of the loss parameter γ−10 , in the chiral
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The final column of panels (c, f, i), where Θ = pi/2, displays
the strongest signature of directional circulation 1 → 2 → 3
(or green→ orange→ cyan), which is most apparent when the
coherent coupling is strongest in panel (i).
We study the global current J in this setup in the top row
of Fig. 8, using Eq. (18). We consider increasingly large cu-
mulative phases Θ with increasingly thin colored lines, from
0 to pi/4 to pi/2. In the left-hand-side column, the coherent
coupling strength g = γ0/2, in the central column g = γ0, and
in the right-hand-side column g = 2γ0. In the figure, the gain
into oscillator 1 is P1 = γ0/100. Figure 8 complements the
population dynamics displayed in Fig. 7 by showing the ab-
sence of any global current J when Θ = 0 [thick green lines
in panels (a-c)]. With a nontrivial phase Θ = pi/4 or pi/2 (pink
and cyan lines), a nonzero global current clearly emerges in all
panels (a-c), before dying out at longer times γ0t ≫ 1 (since
the gain does not balance out against the losses, unlike thePT
symmetric case).
In stark contrast to the PT symmetric setup of Fig. 5, here
in Fig. 8 the global current J is noticeably sign-changing for
the nontrivial phases. This is because the component local
currents {J12, J23, J31} do not correspond to as strongly di-
rectional circulation. This behavior is displayed in the lower
panels of Fig. 8, where the solid, dashed and dotted cyan lines
represent J12, J23, and J31 respectively (in units of γ0, and as
a function of γ0t). In particular, the exact cancellations of J12
and J31 in the second row (d, e, f) lead to zero global current,
a symmetry which is broken in the two lowest rows.
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FIG. 9. A sketch of the trimer in a cascaded configuration, where
each oscillator is of resonance frequency ω0. All oscillators are sub-
ject to loss γ0 (purple arrows) and the 1st oscillator has gain P1
(yellow arrow). The magnitude of the three coherent (dissipative)
coupling constants is g (γ), which are augmented with complex ar-
guments θnm (φnm), as labelled near to the red arrows.
CASCADED CIRCULATION
As the third application of the general theory, we consider
cascaded configurations of the trimer. That is, where unidirec-
tional or one-way coupling between some (or all) oscillators is
possible48,49. We feed the system via the gain P1 into the first
oscillator, and allow for equal losses γ0 across all oscillators,
as is sketched in Fig. 9. We include both coherent and dissi-
pative coupling, which are of strengths g and γ, and which are
associated with complex arguments θ and φ respectively.
The interplay between the coherent and dissipative cou-
pling can lead to the master equation of Eq. (5) mapping
onto the celebrated master equation of cascaded quantum sys-
tems: that of one-way coupling between a source and target,
with strictly no back action48,49. The equivalence of master
equations occurs when the following two conditions are ful-
filled70,71,73,75
g = γ
2
, (23a)
θnm − φnm = {pi2 , ⟳ circulation,3pi
2
, ⟲ circulation, (23b)
namely, both the strength condition of Eq. (23a), and the phase
condition of Eq. (23b), must hold.
We calculate the mean populations nm = ⟨b†mbm⟩ of each
oscillator m in this setup using both the transient and steady
state solutions of Eq. (7). We plot the population dynamics
in Fig. 10, where we set g = γ/2 throughout in order to sat-
isfy the strength condition of Eq. (23a), and where the sys-
tem is fed by the gain P1 = γ0/100. We show increasingly
strong dissipative coupling γ upon descending the rows, with
γ = {1/2,3/4,9/10}γ0. The first column of Fig. 10 presents a
completely reciprocal case, where no complex arguments are
attached to the coupling constants (θnm − φnm = 0), as is im-
plied by the sketch above panel (a). The population dynamics
of the second (orange lines) and third (cyan lines) oscillators
in panels (a), (d), (g) is therefore equivalent and there is no
population imbalance. In the second column of Fig. 10, the
configuration is such that θ12 − φ12 = pi/2 and the other rel-
ative phases are zero, giving rise to unidirectional coupling
between oscillators 1 and 2 [cf. Eq. (23b)], as is highlighted
by the red arrows in the sketch above panel (b). The effect
on the population dynamics is drastic, leading to significant
excitation transfer from the first oscillator to the second oscil-
lator (green → orange lines), which increases with increasing
dissipative couping in going from panel (b) to (e) and (h). The
final column of Fig. 10 represents the most interesting case,
with unidirectional coupling θnm −φnm = pi/2 throughout the
trimer, as is suggested by the sketch above panel (c). Here the
upper phase configuration of Eq. (23b) is satisfied throughout
the system, leading to a clockwise circulation of population
1→ 2→ 3 (or, green→ orange→ cyan). This fact is most no-
ticeable with strongest dissipative coupling in panel (i), where
the population cycles are remarkably maintained, with mini-
mal decay over time.
The associated global current J is plotted in the top row
of Fig. 11, using Eq. (18). The coherent coupling strength re-
mains g = γ/2, satisfying the magnitude cascaded condition of
Eq. (23a). We show increasingly strong dissipative coupling
upon descending the column, with γ = {1/2,3/4,9/10}γ0.
The thick green lines denote the completely reciprocal cases,
where no complex arguments are attached to the coupling con-
stants [see the sketch above Fig. 10 (a)], leading to zero global
current in all top panels (a, b, c). The medium pink lines
describe a chiral case, where θ12 − φ12 = pi/2 and the other
phase differences are zero, which leads to cascaded coupling
between oscillators 1 and 2 [see the sketch above Fig. 10 (b)].
The thin cyan lines showcase the completely cascaded cases
[cf. Eq. (23b)], where θnm − φnm = pi/2, leading to clock-
wise circulation [see the sketch above Fig. 10 (c)]. Clearly,
the magnitude of the global current J is higher with stronger
dissipative coupling, best exemplified by Fig. 11 (c), which
also showcases the formation of a non-negligible steady state
current at long time scales γ0t≫ 10. Most notably, the global
current J is not sign changing in the top row of Fig. 11, de-
spite the local currents {J12, J23, J31} alternating in sign, as
displayed in the lower rows of Fig. 11. This is because the
local currents Jnm are heavily weighted towards clockwise
circulation for the nontrivial phase cases (pink and cyan lines)
leading to a net positive global current.
CONCLUSIONS
We have introduced a minimal open quantum systems
model for directional circulation in a trimer of oscillators.
Our general theory encompasses several special cases of inter-
est, including a regime governed by a PT symmetric Hamil-
tonian, which displays nontrivial phases and novel popu-
lation dynamics. We also reveal an arrangement allowing
for completely unidirectional coupling throughout the system
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FIG. 10. Mean population nm = ⟨b†mbm⟩ of the m-th oscillator as a function of time t, in units of the inverse loss parameter γ−10 , in the
cascaded configuration of the trimer [cf. Fig. 9]. The coherent coupling strength g = γ/2, in units of the dissipative coupling strength γ,
satisfying the magnitude cascaded condition of Eq. (23a). The initial condition at t = 0 is n1 = 1. First column: the completely reciprocal
case, where no complex arguments are attached to the coupling constants [see the sketch above panel (a)]. Second column: a chiral case,
where θ12 −φ12 = pi/2, leads to cascaded coupling between oscillators 1 and 2 [see the sketch above panel (b)]. Third column: the completely
cascaded case [cf. Eq. (23b)], where θ12−φ12 = θ23−φ23 = θ31−φ31 = pi/2, leading to clockwise circulation [see the sketch above panel (c)].
We show increasingly strong dissipative coupling upon descending the rows, with γ = {1/2,3/4,9/10}γ0. In the figure, the gain into oscillator
1 is P1 = γ0/100 and P2 = P3 = 0.
via a link to cascaded quantum systems, which displays the
strongest signatures of chiral currents. This unidirectional
coupling regime reveals the potentially beneficial influence of
collective dissipation for chiral transport.
Our simple theory provides a foundation for more com-
plicated simulations of chiral transport at the nanoscale, and
highlights the possibilities for the experimental detection of
chiral currents in a plethora of modern metamaterials, based
for example upon photonic15,76–78 or plasmonic79–82 excita-
tions. The deployment of circuit QED platforms, which are
especially amenable to artificial gauge fields83,84, is another
appealing implementation, as are clusters of ultracold85–87
and Rydberg atoms88,89. One may envisage practical appli-
cations of our found chiral effects in a range of nonrecip-
rocal nanophotonic devices, including isolators18–21, circula-
tors22–25 and waveguides12–14.
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FIG. 11. Top row: Global current J as a function of time t [cf. Eq. (18)], in units of the inverse loss parameter γ−10 , in the cascaded
configuration of the trimer [cf. Fig. 9]. The coherent coupling strength g = γ/2, in units of the dissipative coupling strength γ, satisfying the
magnitude cascaded condition of Eq. (23a). We show increasingly strong dissipative coupling across the row, with γ = {1/2,3/4,9/10}γ0.
Thick green lines: the completely reciprocal case, where no complex arguments are attached to the coupling constants [see the sketch above
Fig. 10 (a)]. Medium pink lines: a chiral case, where θ12 − φ12 = pi/2, leads to cascaded coupling between oscillators 1 and 2 [see the sketch
above Fig. 10 (b)]. Thin cyan line: the completely cascaded case [cf. Eq. (23b)], where θnm−φnm = pi/2, leading to clockwise circulation [see
the sketch above Fig. 10 (c)]. Lower rows: scaled local currents Jnm/γ0, as a function of scaled time γ0t, for the three phases corresponding
to the top row [cf. Eq. (18)]. The solid, dashed and dotted lines represent J12, J23, and J31 respectively. In the figure, the initial condition at
t = 0 is n1 = 1, the gain into oscillator 1 is P1 = γ0/100, and P2 = P3 = 0.
REFERENCES
1 Katsnelson, M. I.; Novoselov, K. S.; A. K. Geim. Chiral tunnelling
and the Klein paradox in graphene. Nat. Phys. 2006, 2, 620-625.
2 Raghu, S.; Haldane, F. D. M. Analogs of quantum-Hall-effect
edge states in photonic crystals. Phys. Rev. A 2008, 78, 033834.
3 Xu1, S.-Y.; Belopolski1, I.; Alidoust, N.; Neupane, M.; Bian, G.;
Zhang, C.; Sankar, R.; Chang, G.; Yuan, Z.; Lee, C.-C.; Huang,
S.-M.; Zheng, H.; Ma, J.; Sanchez, D. S.; Wang, B. K.; Bansil, A.;
Chou, F.; Shibayev, P. P.; Lin, H.; Jia, S.; Hasan, M. Z. Discovery
of a Weyl fermion semimetal and topological Fermi arcs. Science
2015, 349, 613-617.
4 Lodahl, P.; Mahmoodian, S.; Stobbe, S.; Rauschenbeutel, A.;
Schneeweiss, P.; Volz, J.; Pichler, H.; Zoller, P. Chiral quantum
optics, Nature 2017, 541, 473-480.
5 Andrews, D. L. Quantum formulation for nanoscale optical and
material chirality: Symmetry issues, space and time parity, and
observables. J. Opt. 2018, 20, 033003.
6 Gardiner, C.; Zoller, P. Quantum Noise, Springer, Berlin, 2004.
7 Chang, D. E.; Douglas, J. S.; Gonzalez-Tudela, A.; Hung, C.-L.;
Kimble, H. J. Colloquium: Quantum matter built from nanoscopic
lattices of atoms and photons. Rev. Mod. Phys. 2018, 90, 031002.
8 D’Amico, I.; Angelakis, D. G.; Bussieres, F.; Caglayan, H.;
Couteau, C.; Durt, T.; Kolaric, B.; Maletinsky, P.; Pfeiffer, W.;
Rabl, P.; Xuereb, A.; Agio, M. Nanoscale quantum optics. Riv.
Nuovo Cimento 2019, 42, 153-195.
9 Huang, L.; Xu, L.; Woolley, M.; Miroshnichenko, A. E. Trends
in quantum nanophotonics. Adv. Quantum Technol. 2020, 3,
13
1900126.
10 Carusotto, I.; Houck, A. A. ; Kollar, A. J.; Roushan, P.; Schuster,
D. I.; Simon, J. Photonic materials in circuit quantum electrody-
namics. Nat. Phys. 2020, 16, 268-279.
11 Bekenstein, R.; Pikovski, I.; Pichler, H.; Shahmoon, E.; Yelin,
S. F.; Lukin, M. D. Quantum metasurfaces with atom arrays. Nat.
Phys. 2020, 16, 676-681.
12 Roy, D.; Wilson, C. M.; Firstenberg, O. Colloquium: Strongly in-
teracting photons in one-dimensional continuum. Rev. Mod. Phys.
2017, 89, 021001.
13 Bello, M.; Platero, G.; Cirac, J. I.; Gonzalez-Tudela, A. Un-
conventional quantum optics in topological waveguide QED. Sci.
Adv. 2019, 5, eaaw0297.
14 Sanchez-Burillo, E.; Wan, C.; Zueco, D.; Gonzalez-Tudela, A.
Chiral quantum optics in photonic sawtooth lattices. Phys. Rev.
Research 2020, 2, 023003.
15 Roushan, P.; Neill, C.; Megrant, A.; Chen, Y.; Babbush, R.;
Barends, R.; Campbell, B.; Chen, Z.; Chiaro, B.; Dunsworth, A.;
Fowler, A.; Jeffrey, E.; Kelly, J.; Lucero, E.; Mutus, J.; O’Malley,
P. J. J.; Neeley, M.; Quintana, C.; Sank, D.; Vainsencher, A.; Wen-
ner, J.; White, T.; Kapit, E.; Neven, H.; Martinis, J. Chiral ground-
state currents of interacting photons in a synthetic magnetic field.
Nat. Phys. 2017, 13, 146-151.
16 Harper, P. G. The general motion of conduction electrons in a uni-
form magnetic field, with application to the diamagnetism of met-
als. Proc. Phys. Soc. A 1955, 68, 879-892.
17 Hofstadter, D. R. Energy levels and wave functions of Bloch elec-
trons in rational and irrational magnetic fields. Phys. Rev. B 1976,
14, 2239-2249.
18 Jalas, D.; Petrov, A.; Eich, M.; Freude, W.; Fan, S.; Yu, Z.;
Baets, R.; Popovic, M.; Melloni, A.; Joannopoulos, J. D.; Van-
wolleghem, M.; Doerr, C. R.; Renner, H. What is - and what is
not - an optical isolator. Nat. Photonics 2013, 7, 579-582.
19 Sollner, I.; Mahmoodian, S.; Hansen, S. L.; Midolo, L.; Javadi,
A.; Kirsanske, G.; Pregnolato, T.; Ella, H. E.; Lee, E. H.; Song,
J. D.; Stobbe, S.; Lodahl, P. Deterministic photon-emitter cou-
pling in chiral photonic circuits. Nature Nanotech. 2015, 10, 775-
778.
20 Sayrin, C.; Junge, C.; Mitsch, R.; Albrecht, B.; O’Shea, D.;
Schneeweiss, P.; Volz, J.; Rauschenbeutel, A. Nanophotonic op-
tical isolator controlled by the internal state of cold atoms. Phys.
Rev. X 2015, 5, 041036.
21 Zhang, S.; Hu, Y.; Lin, G.; Niu, Y.; Xia, K.; Gong, J.; Gong, S.
Thermal-motion-induced non-reciprocal quantum optical system.
Nat. Photonics 2018, 12, 744-748.
22 Scheucher, M.; Hilico, A.; Will, E.; Volz, J.; Rauschenbeutel, A.
Quantum optical circulator controlled by a single chirally coupled
atom. Science 2016, 354, 1577-1580.
23 Barzanjeh, S.; Wulf, M.; Peruzzo, M.; Kalaee, M.; Dieterle, P. B.;
Painter, O.; Fink, J. M. Mechanical on-chip microwave circulator.
Nat. Commun. 2017, 8, 953.
24 Shen, Z.; Zhang, Y.-L.; Chen, Y.; Sun, F.-W.; Zou, X.-B.; Guo,
G.-C.; Zou, C.-L.; Dong, C.-H. Reconfigurable optomechanical
circulator and directional amplifier. Nat. Commun. 2018, 9, 1797.
25 Ruesink,F.; Mathew, J. P.; Miri, M.-A.; Alu, A.; Verhagen, E.
Optical circulation in a multimode optomechanical resonator. Nat.
Commun. 2018, 9, 1798.
26 Jin, L.; Song. Z. Scaling behavior and phase diagram of a sym-
metric non-Hermitian Bose-Hubbard system. Ann. Phys. (N. Y.)
2016, 330, 142-159.
27 Quijandria, F.; Naether, U.; Ozdemir, S. K.; Nori, F.; Zueco, D.
PT-symmetric circuit QED. Phys. Rev. A 2018, 97, 053846.
28 Jaramillo Avila, B.; Ventura-Velazquez, C.; Leon-Montiel, R. de
J.; Joglekar, Y. N.; Rodriguez-Lara, B. M. PT-symmetry from
Lindblad dynamics in a linearized optomechanical system. Sci.
Rep. 2020, 10, 1761.
29 Gardiner, C.; Zoller, P. The Quantum World of Ultra-Cold Atoms
and Light, Book I: Foundations of Quantum Optics, Imperial Col-
lege Press, London, 2014.
30 Bender, C. M. PT Symmetry: In Quantum and Classical Physics,
World Scientific, Singapore, 2018.
31 For a review of PT-symmetric systems, see Konotop, V. V.; Yang,
J.; Zezyulin, D. A. Nonlinear waves in PT-symmetric systems.
Rev. Mod. Phys. 2016, 88, 035002.
32 For a review of non-Hermitian classical and quantum physics,
see Ashida, Y.; Gong, Z.; Ueda, M. Non-Hermitian physics.
arXiv:2006.01837.
33 For a review of non-Hermitian systems and topology, see
Bergholtz, E. J.; Budich, J. C.; Kunst, F. K. Exceptional topol-
ogy of non-Hermitian systems. arXiv:1912.10048.
34 Regensburger, A.; Bersch, C.; Miri, M.-A.; Onishchukov, G.;
Christodoulides, D. N.; Peschel, U. Parity-time synthetic photonic
lattices. Nature Phys. 2012, 488, 167-171.
35 El-Ganainy, R.; Makris, K. G.; Khajavikhan, M.; Musslimani,
Z. H.; Rotter, S.; Christodoulides, D. N. Non-Hermitian physics
and PT symmetry. Nature Phys. 2018, 14, 11-19.
36 Ozdemir, S. K.; Rotter, S.; Nori, F.; Yang, L. Parity-time sym-
metry and exceptional points in photonics. Nat. Mater. 2019, 18,
783-798.
37 Miri, M.-A.; Alu, A. Exceptional points in optics and photonics.
Science 2019, 363, 6422.
38 Chen, H.-Z.; Liu, T.; Luan, H.-Y.; Liu, R.-J.; Wang, X.-Y.; Zhu,
X.-F.; Li, Y.-B.; Gu, Z.-M.; Liang, S.-J.; Gao, H.; Lu, L.; Ge, L.;
Zhang, S.; Zhu, J.; Ma, R.-M. Revealing the missing dimension at
an exceptional point. Nature Phys. 2020, 16, 571-578.
39 Li, K.; Kevrekidis, P. G. PT-symmetric oligomers: Analytical
solutions, linear stability, and nonlinear dynamics. Phys. Rev. E
2011, 83, 066608.
40 Duanmu, M.; Li, K.; Horne, R. L.; Kevrekidis, P. G.; Whitaker,
N. Linear and nonlinear parity-time-symmetric oligomers: a dy-
namical systems analysis. Philos. Trans. R. Soc. A 2013, 371,
20120171.
41 Li, K.; Kevrekidis, P. G.; Frantzeskakis, D. J.; Ruter, C. E.;
Kip, D. Revisiting the PT-symmetric trimer: bifurcations, ghost
states and associated dynamics. J. Phys. A: Math. Theor. 2013,
46, 375304.
42 Suchkov, S. V.; Fotsa-Ngaffo, F.; Kenfack-Jiotsa, A.; Tikeng,
A. D.; Kofane, T. C.; Kivshar, Y. S.; Sukhorukov, A. A. Non-
Hermitian trimers: PT-symmetry versus pseudo-Hermiticity. New
J. Phys. 2016, 18, 065005.
43 Suchkov, S. V.; Sukhorukov, A. A.; Huang, J.; Dmitriev, S. V.;
Lee, C.; Kivshar, Y. S. Nonlinear switching and solitons in PT-
symmetric photonic systems. Laser Photonics Rev. 2016, 10, 177.
44 Xue, L. F.; Gong, Z. R.; Zhu, H. B.; Wang, Z. H. PT symmet-
ric phase transition and photonic transmission in an optical trimer
system. Opt. Express 2017, 25, 17249.
45 Leykam, D.; Flach, S.; Chong, Y. D. Flat bands in lattices with
non-Hermitian coupling. Phys. Rev. B 2017, 96, 064305.
46 Du, L.; Zhang, Y.; Fan, C.-H.; Liu; Y.-M.; Gao, F.; Wu, J.-H.
Enhanced nonlinear characteristics with the assistance of a PT-
symmetric trimer system. Sci. Rep. 2018, 8, 2933.
47 Jin, L. Asymmetric lasing at spectral singularities. Phys. Rev. A
2018, 97, 033840.
48 Gardiner, C. W. Driving a quantum system with the output field
from another driven quantum system. Phys. Rev. Lett. 1993, 70,
2269-2272.
49 Carmichael, H. J. Quantum trajectory theory for cascaded open
systems. Phys. Rev. Lett. 1993, 70, 2273-2276.
14
50 Akram, U.; Ficek, Z.; Swain, S. Decoherence and coherent popu-
lation transfer between two coupled systems. Phys. Rev. A 2000,
62, 013413.
51 Wang, Y.-P.; Hu, C.-M. Dissipative couplings in cavity magnon-
ics. J. Appl. Phys. 2020, 127, 130901.
52 Jin, L. Quantum transport in coupled resonators enclosed syn-
thetic magnetic flux. Ann. Phys. (N. Y.) 2016, 370, 1-11.
53 Jin, L.; Song, Z. Incident direction independent wave propagation
and unidirectional lasing. Phys. Rev. Lett. 2018, 121, 073901.
54 Jin, L.; Song, Z. Bulk-boundary correspondence in a non-
Hermitian system in one dimension with chiral inversion symme-
try. Phys. Rev. B 2019, 99, 081103(R).
55 Wang, P.; Jin, L.; Song, Z. Non-Hermitian phase transition and
eigenstate localization induced by asymmetric coupling. Phys.
Rev. A 2019, 99, 062112.
56 Zhang, K. L.; Jin, L.; Song, Z. Helical resonant transport and
purified amplification at an exceptional point. Phys. Rev. B 2019,
100, 144301.
57 Zhang, S. M.; Jin, L. Localization in non-Hermitian asymmetric
rhombic lattice. Phys. Rev. Res. 2020, 2, 033127.
58 Jin, L.; Song, Z. Parity-time symmetry under magnetic flux. Phys.
Rev. A 2016, 93, 062110.
59 Jin, L. Parity-time-symmetric coupled asymmetric dimers. Phys.
Rev. A 2018, 97, 012121.
60 Ding, K.; Ma, G.; Xiao, M,; Zhang, Z. Q.; Chan, C. T. Emergence,
coalescence, and topological properties of multiple exceptional
points and their experimental realization. Phys. Rev. X 2016, 6,
021007.
61 Umucalilar, R. O.; Carusotto, I. Artificial gauge field for photons
in coupled cavity arrays. Phys. Rev. A 2011, 84, 043804.
62 Fang, K.; Yu, Z.; Fan, S. Photonic Aharonov-Bohm effect based
on dynamic modulation. Phys. Rev. Lett. 2012, 108, 153901.
63 Fang, K.; Yu, Z.; Fan, S. Realizing effective magnetic field for
photons by controlling the phase of dynamic modulation. Nat.
Photonics 2012, 6, 782.
64 Fang, K.; Fan, S. Controlling the flow of light using the inhomo-
geneous effective gauge field that emerges from dynamic modu-
lation. Phys. Rev. Lett. 2013, 111, 203901.
65 Tzuang, L. D.; Fang, K.; Nussenzveig, P.; Fan, S.; Lipson, M.
Non-reciprocal phase shift induced by an effective magnetic flux
for light. Nat. Photonics 2014, 8, 701.
66 Longhi, S. Effective magnetic fields for photons in waveguide and
coupled resonator lattices. Opt. Lett. 2013, 38, 3570.
67 Kennedy, C. J.; Burton, W. C.; Chung, W. C.; Ketterle, W. Obser-
vation of Bose-Einstein condensation in a strong synthetic mag-
netic field, Nature Phys. 2015, 11, 859.
68 Schine, N.; Ryou, A.; Gromov, A.; Sommer, A.; Simon, J. Syn-
thetic Landau levels for photons. Nature 2016, 534, 671-675.
69 Wang, D.-W.; Song, C.; Feng, W.; Cai, H.; Xu, D.; Deng, H.; Li,
H.; Zheng, D.; Zhu, X.; Wang, H.; Zhu, S.-Y.; Scully, M. O. Syn-
thesis of antisymmetric spin exchange interaction and chiral spin
clusters in superconducting circuits. Nat. Phys. 2019, 15, 382-386.
70 Metelmann, A.; Clerk, A. A. Nonreciprocal photon transmission
and amplification via reservoir engineering. Phys. Rev. X 2015, 5,
021025.
71 Downing, C. A., Lo´pez Carren˜o, J. C.; Laussy, F. P.; del Valle,
E.; Ferna´ndez-Domı´nguez, A. I. Quasichiral interactions between
quantum emitters at the nanoscale. Phys. Rev. Lett. 2019, 122,
057401.
72 Bender, C. M.; Boettcher, S. Real spectra in non-Hermitian
Hamiltonians having PT symmetry. Phys. Rev. Lett. 1998, 80,
5243-5246.
73 Please see the Supporting Information for extra details on the
mean-field dynamics and on cascaded quantum systems.
74 This result follows since the Hamiltonian H ′′, as defined in
Eq. (20), is invariant under the pair of transformations i → −i
and 2⇄ 3.
75 Downing, C. A.; Lo´pez Carren˜o, J. C.; Ferna´ndez-Domı´nguez,
A. I.; del Valle, E. Asymmetric coupling between two quantum
emitters. Phys. Rev. A 2020, 102, 013723.
76 Roushan, P.; Neill, C.; Tangpanitanon, J.; Bastidas, V. M.;
Megrant, A.; Barends, R.; Chen, Y.; Chen, Z.; Chiaro, B.;
Dunsworth, A.; Fowler, A.; Foxen, B.; Giustina, M.; Jeffrey, E.;
Kelly, J.; Lucero, E.; Mutus, J.; Neeley, M.; Quintana, C.; Sank,
D.; Vainsencher, A.; Wenner, J.; White, T.; Neven, H.; Angelakis,
D. G.; Martinis, J. Spectroscopic signatures of localization with
interacting photons in superconducting qubits. Science 2017, 358,
1175-1179.
77 Owens, C.; LaChapelle, A.; Saxberg, B.; Anderson, B. M.; Ma,
R.; Simon, J.; Schuste, D. I. Quarter-flux Hofstadter lattice in a
qubit-compatible microwave cavity array. Phys. Rev. A 2018, 97,
013818.
78 Ma, R.; Saxberg, B.; Owens, C.; Leung, N.; Lu, Y.; Simon, J.;
Schuster, D. I. A dissipatively stabilized Mott insulator of pho-
tons. Nature 2019, 566, 51-57.
79 Zohar, N.; Chuntonov, L.; Haran, G. The simplest plasmonic
molecules: Metal nanoparticle dimers and trimers. J. Photochem.
Photobiol. C 2014, 21, 26-39.
80 Lu, G.; Wang, Y.; Chou, R. Y.; Shen, H.; He, Y.; Cheng, Y.; Gong,
Q. Directional side scattering of light by a single plasmonic trimer.
Laser Photonics Rev. 2015, 9, 530.
81 Barrow, S. J.; Collins, S. M.; Rossouw, D.; Funston, A. M.; Bot-
ton, G. A.; Midgley, P. A.; Mulvaney, P. Electron energy loss spec-
troscopy investigation into symmetry in gold trimer and tetramer
plasmonic nanoparticle structures. ACS Nano 2016, 10, 8552.
82 Downing, C. A.; Mariani, E.; Weick, G. Radiative frequency shifts
in nanoplasmonic dimers. Phys. Rev. B 2017, 96, 155421.
83 Peropadre, B.; Zueco, D.; Wulschner, F.; Deppe, F.; Marx, A.;
Gross, R.; Garcia-Ripoll, J. J. Tunable coupling engineering be-
tween superconducting resonators: from sidebands to effective
gauge fields. Phys. Rev. B 2013, 87, 134504.
84 Baust, A., Hoffmann; E., Haeberlein, M.; Schwarz, M. J.; Eder,
P.; Goetz, J.; Wulschner, F.; Xie, E.; Zhong, L.; Quijandria, F.;
Peropadre, B.; Zueco, D.; Garcia Ripoll, J.-J.; Solano, E.; Fe-
dorov, K.; Menzel, E. P.; Deppe, F.; Marx, A.; Gross, R. Tunable
and switchable coupling between two superconducting resonators.
Phys. Rev. B 2015, 91, 014515.
85 Aidelsburger, M.; Atala, M.; Nascimbene, S.; Trotzky, S.; Chen,
Y.-A.; Bloch, I. Experimental realization of strong effective mag-
netic fields in an optical lattice, Phys. Rev. Lett. 2011, 107,
255301.
86 Aidelsburger, M.; Atala, M.; Lohse, M.; Barreiro, J. T.; Paredes,
B.; Bloch, I. Realization of the Hofstadter Hamiltonian with ultra-
cold atoms in optical lattices. Phys. Rev. Lett. 2013, 111, 185301.
87 Atala, M.; Aidelsburger, M.; Lohse M.; Barreiro, J. T.; Paredes,
B.; Bloch, I. Observation of chiral currents with ultracold atoms
in bosonic ladders. Nat. Phys. 2014, 10, 588-593.
88 Barredo, D.; Labuhn, H.; Ravets, S.; Lahaye, T.; Browaeys, A.;
Adams, C. S. Coherent excitation transfer in a spin chain of three
Rydberg atoms. Phys. Rev. Lett. 2015, 114, 113002.
89 Lienhard, V.; Scholl, P.; Weber, S.; Barredo, D.; de Leseleuc, S.;
Bai, R.; Lang, N.; Fleischhauer, M.; Buchler, H. P.; Lahaye, T.;
Browaeys, A. Realization of a density-dependent Peierls phase
in a synthetic, spin-orbit coupled Rydberg system. Phys. Rev. X
2020, 10, 021031.
